Many molecules, including macromolecules, cross the nuclear envelope in the course of nucleocytoplasmic exchange. Work with fluorescent and radioactively labeled proteins microinjected into the cytoplasm showed that proteins with diameters less than 30-40 ,~ pass from the cytoplasm to the nucleus much more rapidly than molecules with diameters of 60-70 ~, which are delayed at the level of the nuclear envelope. These results were obtained by autoradiographic and fluorescence microscope analysis of sectioned oocytes of frogs (Xenopus laevis) (4) and cockroaches (Periplaneta americana) (15) . Recently, a quantitative ultra-low temperature autoradiographic study of the nuclear entry of [3H]dcxtrans in mature oocytes of Rana pipiens has provided the basis for a restricted-diffusion model of nucleocytoplasmic exchange through nuclear pores with patent radii of about 45 J~ (16). The present paper extends the study of nucleocytoplasmic passage of macromolecules to a somatic cell, the giant larval salivary gland cell of Chironomus thummi. Fluorescent tracers were injected into the cytoplasm or the nucleus, and their movements followed within the living cell by dark field observation, while the cell state was electrophysiologically monitored.
MATERIALS AND METHODS
Salivary glands from mid 4th instar, late 4th instar, and early prepupai larvae were isolated and immobilized on the bottom of a Petri dish in physiological medium (17) . The gland morphology has been described by Rose (19) and the cell ultrastructure and cytochemistry by Laufer (9) , Rose (19) , and Stevens and Swift (20) . The cell width is approximately 100 gm, its length about 120 #m, and the nuclear diameter about 50 urn. In the position of the isolated gland preparation, the nucleus is over-and underlaid by layers of cytoplasm estimated to be less than 10 #m thick. The nucleus and the cytoplasm are rather translucent; because of the size and transparency of the cell and nucleus, it is easy to see pipette tips in the nucleus or cytoplasm, and intracellular fluorescent tracer movement is readily observable (Fig. l) .
Experiments were performed at a magnification of 400. Micropipette insertion was done in bright field, while microinjection of the fluorescent tracer and subsequent observation was done in dark field with an HBO 200 mercury arc source, a BGI2 exciter filter, and a gelatin barrier filter (500-nm cutoff). The tracers were hydraulically injected through micropipettes of 2-4#m tip diameter. The injected volume was less than l0 nl (about 1% of the cell volume), as determined by pipette calibrations with tritiated water of known activity. Injections into the cytoplasm were done between the basal cell border and the nucleus, with care being taken not to touch the nucleus.
Before injection the cytoplasm has a low level of autofluorescence and is visible against the dark field background; the nucleus has less autofluorescence, and appears as dark as the background. The fluorescent tracer is visible in the pipette tip. Each injection pulse puts a visible puff of tracer into the cell; after injection the tracer is seen by its fluorescence within the cell (Fig. 1 b, c, and/).
The tracers used are listed in Table I , Proteins were conjugated with fluorescein isothiocyanate (FITC) by a dialysis exchange technique; the conjugates were previously tested for retention of their native molecular conformations and electrical charges (15) . Tracers were injected in a solution of 180 mM KCI, I mM KH~POo and 2 mM NaHCOs (FITC proteins, 1-3%; Na-Nuorescein and FITC, 0.02%; poly N s L-glutamine, 4%; all wt/vol).
The nucleus is large compared to the cytoplasm of these cells, and there is little cytoplasm in the optical path above or below the nucleus. Observation of the relative fluorescence intensities of the nuclear and cytoplasmic compartments thus closely reflects the relative concentrations (volume basis) of fluorescent materials within these compartments. This point is illustrated by the following observations: nuclei of uninjected cells appear as black as the dark field background, even though the cytoplasm exhibits autoflnorescence; and the nuclei of cells cytoplasmically injected with brightly fluorescent tracers, which spread throughout the cytoplasm within seconds but only slowly enter the nucleus, appear as dark as the background until fluorescent tracer enters the nucleus.
The cell membrane potential and electrical coupling between the injected cell and an adjacent cell (13) were continuously monitored with microel 9 during and after tracer injection. Maintenance of initial cell resting potential (typically 30-50 mY) and electrical coupling were the acceptance criteria of the experiments, An additional criterion was morphological. A damaged cell goes through a series of visible changes: cytoplasmic granulation, followed by nuclear swelling and chromosome condensation within minutes after the loss of its membrane potential. In some experiments (see Table I ) the electrical monitoring was omitted, and normal morphology was the only acceptance standard; the cells in these experiments probably had normal cell membrane potentials, but there is no assurance that they were electrically coupled.
RESULTS AND DISCUSSION
After injection into the cytoplasm, tracer fluorescence spreads from the injection site throughout the cytoplasm and into the nucleus. The smaller molecules, fluorescein, FITC, and polyglutamine, enter the nucleus rapidly, the fluorescence contributed by these molecules inside the nucleus matching sensibly that of the cytoplasm within seconds (Table I) . Very rapid nuclear entry of Na-fluorescein and FITC is consistent with measurements of Kohen et al. (8) in tissue culture cells, showing that the glycolytic substrates glucose-6-phosphate and glucose-l-phosphate (mol wt 259) move across the nuclear envelope in a fraction of I s. Rapid entry of FITC into nuclei has been observed in roach oocytes (15) , and Na-fluorescein enters the nuclei of in vitro cultured cells: rat liver and fibroblast cells, rat hepatoma cells, human fibroblasts, and rabbit lens cells (R. Azarnia, personal communication). The nuclear entry rate of polyglutamine is closer to that of Na-fluorescein and FITC than that of the proteins ( Table 1) .
The larger molecules, bovine serum albumin (8SA), ovalbumin, horseradish peroxidase (HRP), myoglobin, and cytochrome c, penetrate less readily into the nucleus; when they are injected into the cytoplasm close to the nucleus (less than : 30 #m), their fluorescence spreads to the nucleus and rebounds back from the nuclear surface toward the injection pipette. This phenomenon is not observed with the smaller molecules. The fluorescence then enters into the nucleus, at rates which decrease with increasing tracer molecular size. The nuclear fluorescence intensities of myoglobin and cyto-FXGUR~ 1 Bright field and dark field fluorescence micrographs of a portion of a salivary gland during a typical experiment with cytoplasmic microinjection of FITC-myoglobin: (a) bright field immediately before impalement and injection (t = 0 rain); (b) fluorescence of the F1TC-myoglobin in the injection pipette and the injected cell (film exposure was t = 0-2 min); (c) fluorescence image at t = 20-22 min (pipette withdrawn), a similar image, with nuclear fluorescence greater than cytoplasmic, was observed as early as t = min; (d) bright field picture at t = 45 rain, the cell shows a slight dimple remaining at the site of pipette penetration, but appears healthy. (e,J) Micrographs taken 20 min after cytoplasmic injection of FITC-BSA: (e) bright field, dark object is tip of stainless steel pin used to immobilize gland; 00 fluorescence, a similar image, with nuclear fluorescence less than cytoplasmic, was observed as late as t = 3 h. All micrographs • 220. (15) for more data and references on molecular characteristics. ~t The time after microinjection required for the observed fluorescence intensity in the uninjected compartment (nucleus or cytoplasm) to become equal to the intensity in the injected compartment. w Total number (number with electrical acceptance criteria, number with only morphological criteria). See text for explanation of criteria.
[1 This is the time for observable fluorescence to appear in the cytoplasm; with nuclear injections of myoglobin, the cytoplasmic fluorescence was never seen to equal the nuclear (see text). 82 synthesis of FITC-poly N 5 (3-hydroxy propyl) L-glutamine by Miles-Yeda, Ltd., Kiryat Weizmann, Rehovoth, Israel. chrome c approach those of the cytoplasm within less than 3 min (Fig. 1 b) , and within 5 min the myoglobin fluorescence level in the nucleus is greater than the cytoplasmic level (Fig. I c) . 1 Horseradish peroxidase takes up,to 25 rain to reach nuclear fluorescence equal to the cytoplasmic fluorescence, and nuclear levels of ovalbumin and BSA fluorescence do not approach the cytoplasmic even after 40 min and 3 h, respectively (see Fig. If and Table I ).
The inverse relationship of nuclear entry rates to molecular size in the salivary gland cell is similar to that observed in cockroach oocytes with the same fluorescently labeled proteins (15) . (Similarity of the nuclear to cytoplasmic volume ratios of t Similar nuclear excesses (above cytoplasmic levels) of myoglobin (15) and other exogenous tracers (histones [41, dextrans [ ! 6], colloidal gold [2] , and small tracers [5, I 1, 14] ) have been reported in oocytes, amebas, and neurons. This phenomenon can be attributed to solute exclusion by the cytoplasm (5, 16) . these cell types allows direct comparison of rates.) In the roach oocyte the relationship is exponential and asymptotes at 90-100 ~; tracers larger than 100 /~ in diameter do not significantly enter the nucleus. The size dependence of protein movement in the amphibian oocyte is similar (1, 4) . While rate constants for protein movement in any cell are not available, they are available for the nuclear entry of [3H]dextrans in amphibian oocytes (16) . These are accounted for by a model of restricted diffusion through 45 A radius nuclear pores. The similarity exhibited by nucleocytoplasmic tracer protein movement in the three cell types implies that the 45-A pore of the amphibian oocyte may provide a good estimate of pore radius in cockroach oocytes and salivary gland cells as well.
After injection of HRP, ovaibumin, myoglobin, or cytochrome c into the nucleus, the time course of tracer spread to the cytoplasm is similar to the cytoplasm to nucleus results (see Table I ). This isotropy is consistent with envelope permeation by restricted diffusion through pores with patent radii of about 45 A. This implies that the nucleocytoplasmic transport of ribonucleoprotein particulates (radii > 200 A [20] ) employs special nondiffusional mechanisms at the level of the nuclear envelope. Our results seem to require that the particulates and/or envelope pore complexes undergo conformational changes during transit through the envelope. Morphological evidence for such changes exists (20) .
Loewenstein and co-workers (6, I1) found nuclear envelope electrical resistances, RT in C. thummi and Drosophila flavorapleta larval salivary gland cells, of 0.5-2.0 ft cm z. Similar measurements in immature oocytes (< 350 am diameter) of several amphibians (10) gave Rrvalues less than 0.001 ~2 cmL These differences are not attributable to ultrastructural differences among the nuclei (21) and have remained unexplained and somewhat perplexing. The salivary gland cell envelope resistance has been widely interpreted to mean that the envelope of this cell is a formidable barrier to ion movement, and by implication to the movement of large solutes. This interpretation, coupled with the fact that considerable macromolecular traffic between nucleus and cytoplasm exists, has led to the assumption by some that the permeability of the immature oocyte nuclear envelope is representative of most cells, while that of the salivary gland cell envelope is atypical and requires explanation. The present tracer studies suggest otherwise, that salivary gland cell nuclear envelope permeability is similar to that of other cells and consistent with patent pore radii of about 45 A. Hence, a descrepancy may seem to exist between macromolecular fluxes observed by us and the electrical resistances measured by Loewenstein et al. (6, 11) . This can be shown not to be the case.
Assuming the salivary gland cell nuclear envelope pore complex to have a patent channel with radius (r) of 45 A and length (a t) of 1,500 A (16), and the specific resistivity (o) of the channel contents to be about that of cytoplasm, 100 ~2 cm (12), the resistance (RD) of a pore complex is
where a, the hydrated radius of the current carrying ions, is taken as 2.0 A. (This approximation [18] does not take into account electrostatic interactions between pores. Kanno and Loewenstein [7] showed that a neglect of this sort introduces only a very small error.) Further, assuming that one-half of the pores are plugged with RNP in transit from nucleus to cytoplasm (3), the density of patent nuclear pores (N) is about 5.78 • l0 g cm 2 (21) . Then the calculated envelope resistance, RT = Rp/N = 0.56 f2 cm 2, is on the order of the measured values. We conclude that both the measured nuclear envelope resistance, RT, and the fluorescent tracer kinetics in salivary gland cells are consistent with 45 A radius pores.
The absence of a measurable RT in immature amphibian oocytes remains unexplained. It could be due to unrecognized technical difficulties or may reflect a considerably higher nuclear envelope permeability in these cells than in salivary gland cells and mature oocytes. In either case, no significant disparity appears to exist between the observed electrical and permeability properties of the salivary gland cell nuclear envelope.
SUMMARY
The permeability of the nuclear envelope of a somatic cell, the C. thummi larval salivary gland cell, was studied by intracellular microinjection of fluorescent molecular tracers. As shown previously in oocytes (4, 5, 15, 16) , the envelope is permeable to a wide variety of materials, including molecules which are large enough to possess considerable biological specificities and to play important roles in regulation of cellular activities. The envelope exhibits transport selectivity on the basis of size in the range of naturally occurring intradellular materials and it may thus perform important controlling functions in nucleocytoplasmic exchange. The nucleus to cytoplasm movement of in vivo ribonucleoprotein particulates in these synthetically active cells probably requires conformational changes in the particulates and/or the envelope pore complexes; morphological evidence exists for such processes in these cells (20) .
